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（Simulation study for feasibility verification of merging fueling method by translating a small 
torus plasma into a spherical tokamak） 
 
 
             




























合体過程の 3 次元 MHD シミュレーションを実施し，粒子供給効率を調べた．副プラズマ
の励起・生成が完了した状態からの外部コイルによる初期加速，プラズマ移送，主プラズ
マとの衝突合体の過程を明らかにした．本シミュレーションにおけるプラズマの初期分布
は，Grad-Shafranov 方程式の解を 2 つ軸方向に並べて配置し，初期加速用の外部コイル磁
場を重畳することで副プラズマの移送をモデル化した． 
 シミュレーションの結果，副プラズマが移送され，主プラズマと衝突した後，吸収され


























学 位 論 文 の 要 旨 
 
Simulation study for feasibility verification of merging fueling method by translating a small torus 







In order to realize nuclear fusion power generation using magnetically confined plasma, steady state 
maintenance of high temperature plasma is indispensable. In particular, the development of technology to supply 
fuel particles lost by nuclear fusion reaction is an essential task for maintaining a steady state. However, in 
high-temperature plasma exceeding 10 keV (corresponding to about 100 million degrees) necessary for causing a 
nuclear fusion reaction, fuel particles are ionized in the peripheral region of the plasma and supplied thereto. 
Therefore, the nuclear fusion research remains a serious problem that fuel particles cannot be supplied to the core 
of the plasma. In this thesis, Monte Carlo simulation, magnetohydrodynamics (MHD) simulation, and particle 
trajectory calculation are performed to clarify the feasibility of a new fueling technology, and the results and 
considerations are discussed. Research results on the fueling method applying the transfer technology of high beta 
magnetic confined plasma are shown, centering on the merging fueling method of spherical tokamak (ST). 
Since the high beta field-reversed configuration (FRC) plasma is a singly-connected structure with no 
structure inside, it can be translated in the axial direction. Neutral particles are ionized by ionization reaction or 
charge exchange reaction and supplied to the inside of the plasma when FRC plasma is translated at a high speed 
of 100 km/sec to the region filled with neutral gas. Therefore, it plays an equivalent role to gas flow injection 
which is one of particle supply techniques. Particle supply, magnetic flux supply, and heating effect by FRC 
translation fueling method to neutral gas area was verified by simulation. In this study, simulation of the 
ionization reaction by the Monte Carlo method and construction of a particle orbit simulation model of ions that 
received ionization calculation result were made. Simulation was performed on deuterium, helium, and argon 
under the conditions of neutral gas density of 1.0×1019 m-3 and maximum plasma density of FRC of 2.3×1020 m-3. 
As a result, nearly 100% of the neutral gas is ionized inside the plasma in any particle species. From the orbit 
calculation, it was found that argon having a larger mass has a higher energy supply amount to the plasma. 
However, due to its larger inertia force, the trapping efficiency to the closed magnetic force line of FRC is low. 
Considering the induction of radiation loss, it was shown that helium is suitable. In addition, when 
two-dimensional MHD simulation was performed to verify the detailed mechanism of the supply process, an 
increase in trapped magnetic flux of FRC was also observed. It was found that this is due to the fact that the 
plasma pressure increases and consequently the radial flow is induced. 
Three-dimensional MHD simulation of the translation process of a compact torus plasma (hereinafter 
referred to as sub plasma) to an ST plasma (hereinafter referred to as main plasma) was carried out to examine the 
particle fueling efficiency. From the state where the excitation and generation of the sub plasma is completed, the 
initial acceleration by the external coil, the plasma translation, and the process of the collision merging with the 
main plasma were clarified. The initial equilibrium of plasma in this simulation was reproduced by arranging 
solutions of the Grad-Shafranov equation in two axial directions and modeled translation of sub plasma by 
superimposing the external coil magnetic field for initial acceleration. 
As a result of the simulation, the sub plasma is translated, and after colliding with the main plasma, the 
merging process in which the sub plasma is absorbed was reproduced. Findings are obtained on the following 
three points on the translation merging process. 1) As a result of investigating the volume averaged forces acting 
between the main and sub plasma, it was confirmed that the attraction by plasma current is dominant in 
acceleration at the time of merging. 2) In the translation process, it was revealed that the rotating flow velocity in 
the poloidal direction is generated inside both the main and sub plasmas. 3) At the initial stage of translation, the 
occurrence of instability was confirmed. Tracking of magnetic lines of force and observation of the magnetic 
surface structure by Poincare mapping showed that the magnetic surface structure collapsed at the same time as 
instability occurred. It was also confirmed that magnetic lines of force of the main and sub plasma are connected 
to each other. 
The occurrence of instability is undesirable from the viewpoint of particle supply since the plasma 
particles confined in the closed magnetic surface region are lost with the collapse of the magnetic surface structure 
to the open magnetic force line region. In order to confirm whether the occurrence of instability drives the 
merging phenomenon, a two-dimensional MHD simulation with no occurrence of three-dimensional instability 
was executed and compared with three-dimensional simulation results. As a result, it was clarified that the 
occurrence of instability does not necessarily drive the merging phenomenon, since merging can be confirmed 
also in two-dimensional simulation. In addition, from the results of several calculations using the electrical 
resistivity of the plasma as a parameter, the instability observed in this study was shown to be resistive ballooning 
instability. 
From the above results, in the case of this study, although the collapse of the magnetic surface structure 
is caused by the occurrence of the resistive ballooning instability, the key phenomena of the merging fueling 
method such as the magnetic recombination process and the promotion of merging by the Lorentz force are 
observed. It was concluded that there is sufficient significance of evaluating fueling effect while promoting 
research on stable equilibrium against ballooning instability.  
However, in the MHD simulation, it is impossible to quantitatively evaluate the particle fueling 
efficiency when supplying the particles held in the sub plasma to the main plasma. This is because the MHD 
model cannot label which particles are confined in the main and sub plasmas. Therefore, we developed a 
simulation technique to quantify the particle fueling efficiency by performing particle trajectory calculation 
reflecting temporal change of the magnetic field successively. Using this technique, the number of particles 
supplied to the main plasma by the merging phenomenon was investigated. As a result, in the case of this study, it 
was revealed that the number of supplied particles corresponds to a maximum of 30.5% of the number of particles 
initially held by the sub plasma. 
 
